Abstract. 4-Hydroxy-2-ketoacid derivatives are versatile building blocks for the synthesis of amino acids, hydroxy carboxylic acids and chiral aldehydes. Pyruvate aldolases are privileged catalysts for a straightforward access to this class of ketoacid compounds. In this work, a Class II pyruvate aldolase from Escherichia coli K-12, 2-keto-3-deoxy-Lrhamnonate aldolase (YfaU), was evaluated for the synthesis of amino acid derivatives of proline, pipecolic acid, and pyrrolizidine-3-carboxylic acid. The aldol addition of pyruvate to N-protected amino aldehydes was the key enzymatic aldol addition step followed by catalytic intramolecular reductive amination. The corresponding NCbz-amino-4-hydroxy-2-ketoacid (Cbz=benzyloxycarbonyl) precursors were obtained in 51%-95% isolated yields and enantioselectivity ratios from 26:74 to 95:5, with chiral -substituted N-Cbz-amino aldehydes.
Introduction
4-Hydroxy-2-ketoacid derivatives are versatile building blocks for the synthesis of amino acids, hydroxy carboxylic acids and aldehydes among others. [1] Biocatalytic access to 4-hydroxy-2-ketoacid moiety can be accomplished by means of pyruvate utilizing aldolases. [2] Pyruvate-dependent aldolases are a class of lyases that operate in sugar acid metabolism where they utilize pyruvate as the common aldol nucleophilic component. Practically all enzymes are type I (i.e., enamine intermediate as nucleophilic species) but there exist also some type II enzymes (i.e. metal cofactor, enolate nucleophile) that have received less attention from the synthetic point of view. [3] Most of Class I pyruvate-dependent aldolases, such as neuraminic acid aldolase (NeuAc), 2-keto-3-deoxy-6-phospho-D-gluconate (GlcA) and 2-keto-3-deoxy-6-phospho-D-galactonate aldolases (GalA), usually have a stringent selectivity for the pyruvate nucleophile and rather broad electrophile selectivity.
However, only electrophiles equal or larger than aldopentoses or phosphorylated short-chain aldehydes were substrates whereas polar, unphosphorylated short-chain aldehydes are converted at low reaction rates and simple aliphatic or aromatic aldehydes are not substrates. [1a,4] Variants of these enzymes were identified with remarkable selectivity and catalytic efficiency for a number of unnatural substrates, although still with limited in scope. [2b,2d,5] The majority of Class II pyruvate-dependent aldolases participate in the meta-cleavage degradative aerobic pathways of aromatic compounds such as polychlorinated biphenyl (PCBs), phtalate isomers from plastics, lignin degradation products, fossil fuels and coal. [3] They usually show relaxed substrate selectivity tolerating small to relative large hydrophobic electrophiles. We focus our attention on YfaU, the Class II pyruvate aldolase from Escherichia coli K-12 utilizing 2-keto-3-deoxy-L-rhamnonate as putative natural substrate. It is described that YfaU tolerates 4-hydroxy-2-ketopentanoate, 2-keto-3-deoxy-L-lyxonate, 2-keto-3-deoxy-L-mannonate, 2-keto-3-deoxy-L-rhamnonate 4-hydroxy-2-ketoheptane-1,7-dioate with similar retroaldol activity.
[3i] Recently, we reported the use of YfaU as catalyst for the aldol addition of pyruvate to formaldehyde.
[1e] Hence, YfaU might be particularly useful for accepting a wide structural variety of electrophiles. Among them, N-protected-amino aldehydes are particularly attractive since the aldol adducts obtained, N-Cbzamino-4-hydroxy-2-ketoacid (Cbz = benzyloxycarbonyl), can be valuable intermediates for the preparation of new proline, pipecolic acid [6] and pyrrolizidine-3-carboxylic acid derivatives as well as β-hydroxy-γ-amino acids e.g. dolaisoleucine, isostatin and statin. [7] Thus, our goal was to evaluate the selectivity of YfaU towards structurally diverse amino aldehydes derived from amino acids (Scheme 1) and prepare novel product families.
Results and Discussion
We previously found that recombinant YfaU, expressed as a fusion protein with maltose binding protein from E. coli at the N-terminus (MBP-YfaU) gave quantitative yields in the addition of pyruvate to formaldehyde at equimolar concentration (1 M) of substrates.
[ Aldol addition of pyruvate to N-Cbz-amino aldehydes 2a-d (Table 1 ) proceeded in quantitative yields after 24 h of reaction. Thus, -substitutions with lineal alkyl chains and even those with simple branching at the terminal end (e.g. 2d) were well-tolerated by the enzyme. Moreover, conformationally restricted NCbz-pyrrolidine-2-carboxaldehyde enantiomers 2i were converted with 88%-91% yields. By increasing the size at the terminal branching (i.e., (2S)-butyl substituent 2f) the conversion decreased to 68%. The corresponding adduct, (4R,5S,6S)-4f, is a valuable precursor of dolaisoleucine and isostatin. [7] Similarly, electrophile 2e, which has one methylene group between the-position and the branch point, and 2h, a -amino aldehyde, both with lower steric demand near the carbonyl group, were converted in 51%-61% yields. Adduct (4S,5S)-4e from 2e is a valuable precursor of statin. [7] On the other hand, 2g with a benzyl substituent was not tolerated. No product formation was observed in control experiments performed under the same conditions in the presence of EDTA or with NiCl 2 and without enzyme. No other diastereomer was identified or detected within the limits of NMR.
Reactions were scale up, the aldol adducts purified and submitted to reductive amination with H 2 in the presence of Pd/C, rendering amino acids such as proline, pipecolic acid and pyrrolizidine-3-carboxylic acid derivatives (5-10, 13-14, Figure 1 ). The relative stereochemistry determined by NMR gave the clues to elucidate the stereochemical outcome and stereoselectivity of the enzymatic aldol reactions (Table 1) as well as the reductive amination (Table 2) . The internal chiral reference center from the enantiomerically pure N-Cbz-amino aldehydes, 2b-f and 2i, allowed us to assign the absolute configuration of the stereogenic centers and specifically determine that of the new one formed during the enzymatic aldol addition. From NMR spectra of the cyclic products 5-10 and 13-14 ( Figure  1 , Table 2 and Supporting information) and the specific rotation values (Tables 1 and 2) , it can be concluded that the (S) and (R)-N-Cbz-amino aldehydes gave opposite configuration at the newly formed stereogenic center (Table 1) during the aldol addition reaction. Therefore, an asymmetric induction occurred during the approach of the electrophile to the MBP-YfaU(Ni 2+ )-nucleophile complex. However, that was not the case for those from 2e, where both enantiomers furnished major aldol adducts with identical configuration. On the other hand, non-chiral electrophiles 2a and 2h gave racemates. The stereoselectivity of MBP-YfaU depended also on the electrophile structure. Interestingly, electrophiles 2d and 2f gave a single diastereoisomer, whereas the rest gave mixtures of diastereoisomers. Molecular models of the pre-reaction ternary complexes YfaU-pyruvate enolate-acceptor aldehyde were built based on the YfaU and HpaI crystal structures (PDB codes 2VWT
[3i] and 4B5U, [8] respectively) (Figure 2 ). For the less sterically demanding and achiral aldehyde (2a) the models (Figure 2A-B) show that it can adopt a disposition similar to that observed for succinic semialdehyde bound to HpaI, with its aldehyde carbonyl group accepting hydrogen bonds from residue R74 and from the metal-bound water w5, no matter if it approaches the pyruvate enolate from its si ( Figure 2B ) or re-face (Figure 2A ), which would generate aldol adducts 3a or 4a, respectively. It has been postulated that these interactions are essential for the YfaU mechanism since, on one hand, the interaction with R74 serves to polarize and activate the aldehyde acceptor group and, on the other hand, w5, that is also activated by the D88-H49 dyad (to which it can connect through a hydrogen bond to H49), is the most plausible acid/base catalyst for proton transfer to the O-atom of the aldehyde.
[3i, 8] Both pre-reaction conformations of 2a are also stabilized by a hydrogen bond between the NH of its amide group and one of the O-atoms of the pyruvate carboxylate group, and by hydrophobic interactions with different hydrophobic residues of the active site (i.e., P177, A178, L216 and V218). The similarity between both ways of approach (si and re-face) of the acceptor aldehyde 2a to the reactive pyruvate enolate suggests that there is no preference for any of them, in agreement with the experimental results for this substrate. On the other hand, the models for the substrates with larger substituents on R 1 ( Figure 2C -F), show an increase in the number of contacts with the protein residues. Thus, aldehydes containing an isopropyl substituent (2d) ( Figure 2C -D) can establish additional hydrophobic contacts with residues W23, V126 and V238, while those containing an isobutyl moiety (2e) ( Figure 2E -F) can also make contacts with V122. These models suggest that the steric constraints imposed by the enzyme cavity to the larger substituents determine which face is preferentially exhibited by the aldehyde to the enolate nucleophile. For instance, (S)-2e can be accommodated in a similar fashion as the rest of (S)-N-Cbz-amino aldehydes, and, consequently its carbonyl group has to preferentially approach the enolate from its re-face, in order to maintain the interactions with R74 and w5. However, in (R)-2e the isobutyl moiety is oriented towards V122 ( Figure 2F ), due to the steric hindrance of the cavity, forcing the re-face approach of the aldehyde to the reactive enolate, in order to keep those essential interactions for the reaction to take place, and therefore giving the same proportion of diasteroisomers. The stereochemical outcome of the reductive amination was mainly controlled by the configuration of hydroxyl group. [9] Preferentially, the hydrogen was added to the face opposite to the hydroxyl group of the cyclic imine intermediate rendering a cis relation between the carboxylic and hydroxyl groups. Lower percentages were detected following the reverse H 2 addition.
Conclusion
MBP-YfaU catalyzed aldol additions of pyruvate to a structural variety of unsubstituted and -substituted N-Cbz-amino aldehydes derivatives furnishing a collection of new proline, pyrrolizidine-3-carboxylic acid derivatives and 4-hydroxypipecolic acid. N-Cbz-3-aminoethanal (2a) and -substituted derivatives with methyl (2b), ethyl (2c), isopropyl (2d) as well as pyrrolidine structures 2i rendered high isolated yields (70-91%), whereas N-Cbz-3-aminopropanal (2h), -isobutyl (2e) and -sec-butyl (2f) derivatives were prepared in good to moderate yields (51-68%). Among them, -isopropyl and -sec-butyl gave enantioselective ratios of 95:5, whereas the rest of -substituted derivatives gave mixtures of enantiomers within a range of 30:70 to 13:87. Achiral N-Cbz-3-aminoethanal and N-Cbz-3-aminopropanal gave racemic aldol adducts. It is noteworthy that -substituted (S)-N-Cbz-amino aldehydes gave preferentially (R)-aldol adducts, and the contrary is true for the (R)-N-Cbz-amino aldehydes, therefore, an asymmetric induction occurred during the catalysis. An exception was the reaction with -isobutyl derivatives 2e, where both enantiomers furnished the (R)-enantiomer as major aldol adduct. In the reductive amination reaction hydrogen was preferentially added to the face that rendered a cis relation between the carboxylic and hydroxyl groups. Molecular models of the pre-reaction ternary complexes YfaU-pyruvate enolate-acceptor aldehyde may be instrumental for future developments to improve both the substrate tolerance and stereoselectivity of the YfaU catalysis. Work on this line is currently in progress in our lab.
Experimental Section

Construction of pQE40-MBP plasmid
The MBP-3C cleavage tag [10] was cloned from pOPINM * plasmid [11] as template in the presence of the following primers: MBP-forward: 5´-GCTAGCGGATCCGGCAT-CATGAAAATCGAAGAAGG-3´; MBP-reverse: 5´-GCTAGCGCATGCCGGACCCTGAAACAGAACTTCC-3´. (Underlined sequences indicate the restriction sites for BamHI and SphI, respectively). The fragment was then ligated into pQE40 expression vector. The vector introduces codons for a N-terminal (His) 6 -tag.
Cloning of 2-keto-3-deoxy-L-rhamnonate aldolase (YfaU EC 4.1.2.53) from E. coli K-12 in pQE40-MBP plasmid
The gene rhmA from E. coli K-12 (NCBI database accession number NC_000913.3) was amplified by PCR from genomic DNA and cloned into pQE40-MBP (MPB maltose binding protein) using KpnI and HindIII as restriction enzymes with de primers: Forward: 5´-AGGTACCATGAACGCATTATTAAGCAATCCC-3´. Reverse and complementary: 5´-CAATAAGCTTT-CAATAACTACCTTTTATGCGTGGCC-3´ ( Figure S1 ).
Production of MBP-YfaU
Plasmid pQE40 MBP-YfaU was transformed into M-15[pREP-4] E. coli strain from QIAGEN and grown in LB medium with ampicillin (100 g mL -1 ) plus kanamycin (25 g mL -1 ) at 37 ºC, on a rotary shaker at 200 rpm. A final optical density at 600 nm (OD 600 ) of 2-3 was usually achieved. An aliquot of the pre-culture (12 mL) was transferred into a shake-flask (2 L) containing LB (600 mL), ampicillin (100 g mL -1 ), kanamycin (25 g mL -1 ) and incubated at 37 ºC with shaking at 200 rpm. During the middle exponential phase growth (DO 600 ≈ 0.5-0.8), the temperature was decreased to 20 ºC to minimize potential inclusion bodies formation and isopropyl--D-1-thiogalactopyranoside (IPTG; 50 M final concentration) was added (after 12 h, DO 600 = 6.4-7.0). Cells from the induced-culture broths (3 L, 4.3-5.3 g of cells L -1 of medium) were centrifuged (12 000 g for 30 min at 4 ºC). The pellet was re-suspended in starting buffer (200 mL) consisting of 50 mM sodium phosphate buffer pH 8.0, containing NaCl (300 mM) and imidazole (10 mM). Cells were lysed using a cell disrupter (Constant Systems). Cellular debris was removed by centrifugation at 30 000 g for 30 min. The clear supernatant was collected and purified by immobilized metal ion affinity chromatography (IMAC) using a FPLC system (Amersham biosciences) (see the SDS-PAGE of MBP-YfaU expression and purification in SI, Figure S2 ). The crude supernatant was applied to a cooled HR 16/40 column (GE Healthcare) packed with HiTrap chelating support (50 mL bed volume; Amersham Biosciences) and washed with starting buffer (250 mL). The protein was eluted with 50 mM sodium phosphate buffer pH 8.0, containing NaCl (300 mM) and imidazole (500 mM ) at 3 mL min -1 . Fractions containing the recombinant protein were dialyzed against 2 mM MOPS buffer pH 7.0 at 4 ºC. The dialyzed solution was frozen at -80 ºC and lyophilized. The white solid obtained was stored at -20 ºC. Protein concentration (0.5 mg protein per mg of lyophilized solid) was determined using the Bradford protein assay (Bio-Rad) in 96 wells plate. [12] Chemical procedures.
General Methods
Thin layer chromatography was performed using precoated silica gel plates (Macherey-Nagel GmbH & Co. KG, Kieselgel 60). Column chromatography (AFORA, (5880/2), 47x4.5) was packed with silica gel (100 g, 35-70 m, 200-500 mesh, Merck . Full characterization of the described compounds was performed using typical gradient-enhanced 2D experiments: COSY, NOESY, HSQC and HMBC, recorded under routine conditions. When possible, NOE data were obtained from selective 1D NOESY versions using a single pulsed-field-gradient echo as a selective excitation method and a mixing time of 500 ms.
HPLC analyses
HPLC analyses were performed on a RP-HPLC XBridge , detection was at 215 nm and column temperature at 30 °C. The amount of products and substrates were quantified from the peak areas using an external standard methodology. All reactions were analyzed with a gradient elution from 10% to 100% of B over 30 min.
Activity determination of MBP-YfaU(Ni
2+ )
The activity was determined by a discontinuous assay using the aldol addition of pyruvate to (R)-N-Cbz-alaninal ((R)-2b). One unit (U) of activity was defined as the amount of MBP-YfaU(Ni 2+ ), which catalyzes the formation of 1 mol of aldol product per min at 25 ºC in 50 mM sodium borate buffer pH 7.0, containing 1 mM of NiCl 2 (Scheme S1, Figure S3 ). Reactions (0. Reaction monitoring was carried out as described above. After 24 h, the reaction mixture was diluted with methanol (100 mL). The mixture was then filtered through Celite ® and the pellet washed with methanol (3x50 mL). The filtrate was absorbed onto silica gel (50 g) and loaded onto a silica gel column. The product was eluted with a step gradient of CHCl 3 :MeOH 100:0 (200 mL), 90:10 (200 mL), 80:20 (200 mL), 70:30 (200 mL), 60:40 (200 mL) and finally 50:50 (500 mL). Pure fractions were pooled and the solvent removed under vacuum until dryness. A sample was taken for the specific rotation measurement. The rest was dissolved in MeOH for the reductive amination step. Owing to the fact that the solid residue was difficult to redissolve in MeOH, it is recommendable to eliminate only partially the solvent, which was mainly the CHCl 3 of the mobile phase. Therefore, the liquid residue was then easily diluted with methanol (500 mL, 2-3 mM of aldol concentration). This solution was saturated with N 2 and Pd/C (10% Pd) (1 mg per mg of aldol adduct) was added keeping the sample under N 2 . Then, H 2 (2.5 atm) was added under vigorous stirring. The reaction was left at 25 ºC overnight. The crude material was filtered through Celite ® and the pellet washed with methanol (3x50 mL) and water (40 mL). 
Sodium (2S,4S,5R)-4-hydroxy-5-isopropylpyrrolidine-2-carboxylate (ent-5d) and sodium (2R,4S,5R)-4-hydroxy-5-isopropylpyrrolidine-2-carboxylate (ent-7d).
The title compounds were obtained as a mixture of diastereomers, ent-5d:ent-7d 90:10, as determined by 
Computational Methods
Protein complexes were modeled with the package Schrödinger Suite 2016-4, [13] through its graphical interface Maestro. [14] The Protein Preparation Wizard [15] included in Maestro was used to prepare the protein structures by removing solvent molecules and ions (except the essential Mg 2+ cation and the two coordinated waters), adding hydrogens, setting protonation states [16] and running a restrained minimization using the OPLS3 force-field. [17] The program MacroModel [18] with the same force field and GB/SA water solvation conditions [19] were used for further molecular mechanics calculations. The program QSite [20] was used for the QM/MM calculations.
Molecular models of the pre-reactive Yfau-piruvate enolate-acceptor aldehyde complexes were generated starting from the crystal structure of Yfau (PDB 2VWT).
[3i]
The structures of the acceptor aldehydes were built based on the structure of succinic semyladehyde complexed to the piruvate aldolase HpaI (PDB 4B5U) [8] using Maestro. After an initial minimization of the structures of the complexed aldehydes, a conformational search was carried out to find the best poses bound into the active site using the mixed MCMM/LMCS method [21] implemented in MacroModel. During this search all the dihedrals of the aldehyde were varied, while a distance constraint (d = 2.6 Å, force constant = 100 kJ Å -2 mol -1 ) was kept between the reactive C-atoms of the aldehyde and the pyruvate enolate, and the rest of the atoms of the system were kept frozen. The best conformers detected by this search which also satisfied the requirement of having the carbonyl O-atom within hydrogen-bond distance of the essential metalcoordinated water (w5), postulated as the acid/base catalyst that performs proton transfer to that O-atom, were reoptimized at the DFT B3LYP/6-31G** level of theory. The QM/MM boundary was defined by placement of hydrogen caps between the -O-and the CH 2 -groups of the Cbz moiety, as well as between the Cα and Cβ atoms of residues E153 and D179. The Mg 2+ cation and the two coordinated waters (w5 and w6), as well as the pyruvate enolate, were also included as part of the QM region. All residues with atoms within 6 Å of the QM region were simultaneously optimized with the OPLS 2005 forcefield, [22] while residues which were further away were kept frozen.
